Ultrasound-mediated perrneabilization of cell membranes is a potentially useful method to enhance delivery of therapeutic compounds noninvasively into targeted cells. Unlike previous studies concerned only with cell death, in [his study, the effects of ultrasound exposure parameters on reversible membrane permeabilization of prostate cancer cells were determined at 24 kHz. Average uptake of a membrane-impermeable molecule (calcein) and cell viability were shown to be highly dependent on incident ultrasound pressure and total exposure time. Wth increases in these parameters above thresholds, uptake increased and reached a plateau (up to 25~0 of extemfl calcein concentration), while cell viability continually decreased. For most other tested conditions, fraction of viable cells decreased as uptake increased, and was about 2570 for maximum uptake under optimal conditions.~T RODUCTION Ultrasound-mediated permeabilization of cell membranes has great potential as a new method to enhance delivery of drugs, genes, and other therapeutic compounds into targeted cells. Previous studies have shown that exposure to ultrasound results in uptake of DNA by viable cells and causes transient permeabilization of skin to macromolecules. Cavitation that results from ultrasound exposure is believed to cause the disruption of skin and cell membranes.
Ultrasound-mediated permeabilization of cell membranes has great potential as a new method to enhance delivery of drugs, genes, and other therapeutic compounds into targeted cells. Previous studies have shown that exposure to ultrasound results in uptake of DNA by viable cells and causes transient permeabilization of skin to macromolecules. Cavitation that results from ultrasound exposure is believed to cause the disruption of skin and cell membranes.
In this study, the effects of ultrasound parameters on reversible membrane perrneabilization of living cells were investigated quantitatively for the first time. This information provides insight into mechanisms by which ultrasound disrupts cell membranes and is essential for developing useful drug delivery protocols.
METHODS
Prostate tumor cells (DU-145) were suspended in RPMI-1640 medium with 10% fetal bovine serum at 5x105 cells/ml. For each experimental condition, a 3 ml polypropylene tube was filled with the cell suspension at room temperature (22 * 2 'C) and the top of the tube was closed without entrapping any air bubbles. The cells were exposed to ultrasound at 24 kHz in a chamber that consisted of a cylindrical piezoelectric transducer sandwiched between two PVC pipes and filled with deionized and degassed water at room temperature. Pressure, total exposure time, pulse length, and duty cycle of the ultrasound exposure were controlled. Acoustic spectra during exposure were collected using a hydrophore placed in the exposure chamber (outside the cell sample holder). The peak incident pressure was estimated by measuring the acoustic pressure (with the hydrophore placed inside the sample holder) at subcavitation levels as a function of applied voltage to the transducer and linearly extrapolating to higher drive levels. Calcein, a green-fluorescent membrane-imperrneant marker, dissolved in phosphate-buffered saline (PBS), was added to the suspensions before exposure at a final concentration of 10 yM. The cells were kept at room temperature for 15 minutes after exposure, and then placed on ice until they were centrifuged and resuspended in PBS with 0.1 mg/ml of propidium iodide (a red-fluorescence viability stain). Cell-by-cell fluorescence was measured using flow cytometry, and 6~m green-fluorescence microsphere were added to each sample at a constant concentration to provide an internal volumetric standard for determining concentrations of viable cells.
RESULTS

AND DISCUSSION
To determine if conditions exist that maximize calcein uptake and minimize cell death, we determined the effects of various ultrasound exposure parameters on exposed cells. Figure 1 shows the effect of peak incident pressure on uptake and viability.
As peak pressure increased above a threshold, average calcein uptake by exposed cells increased and reached a plateau at a maximum of 20-25% of external calcein concentration.
This shows that large numbers of molecules can be delivered to cells while maintaining a significant faction of cells viable. The fraction of viable cells (relative to an unexposed suspension) decreased continuously with increased pressure. Figure 2 shows the effects of total ultrasound exposure time (total "on" time for pulses at 10% duty cycle) on uptake and viability. With increase in exposure time, average cellular uptake increased and reached a plateau, while fraction of viable cells continuously decreased above a threshold of 0.2 s. men cells were exposed to pulses of different length, with incident pressure, total exposure time, and duty cycle held constant (at 6.2 atm, 2 s, and 10% respectively), average uptake showed a small maximum at about 30 ms ("on" time for each pulse) and a sharp decrease at less than 3 ms (data not shown). The decrease in uptake at very short pulse lengths may have occurred because there was not enough time during each pulse for bubbles to nucleate, grow and collapse. Varying duty cycle from 0.590 to 8070 did not significantly affect uptake (data not shown). Fraction of viable cells decreased as uptake increased for most of the above conditions, and was approximately 259G for maximum uptake under optimal exposure conditions.
Although we always found a trade-off between uptake and viability, many drug delivery applications would be suited by protocols that yield low uptake with high viability, while other applications might require protocols that yield high uptake with lower viability.
There does not appear to be a universally ideal protocol; the specific application dictates which ultrasound condition to use.
Cell permeabilization only occurred when measured acoustic spectra showed strong subharmonic peaks (at 12 kHz) and broad band noise (between 12 and 24 kHz). Cell viability strongly correlated with the broadband noise pressure, and less strongly with the subharmonic pressure peak. These results support the hypothesis that cavitation is the mechanism by which cell membranes are disrupted, and suggest that measurable acoustic signals can provide non-invasive feedback about extent of ultrasonic effects on cells, 
